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PROPAGATION 03?A FREE FLAME IN

By William R. Mickelsen and

SUMMARY

ATUKWUWT GAS STREAM

Norman E. Ernstein

Effective flame speeds of free turbulent flames were measured by
photographic, ionization-gap, and photomultiplier tube methods and were
found to have a statistical distribution attributed to the nature of,the
turbulent field. The effective turbulent flame speeds for the free flame
were less than those pretiousl.ymeasured for flames stabilized on nozzle
burners, Bunsen burners, and bluff bodies. The statistical spread of
the effective turbulent flame speeds was markedly tider in the lean end
rich fuel-air-ratio regions, which might be attributed to the greater
sensitivity of laminsr flsme speed to flsme temperature in those regions.
Values calculated from the turbulent free-flame-speed analysis proposed
by Tucker and the Scurlock-Grover analysis of turbulent flame propaga-
tion apparently form upper Lhnits for the statistical spread of free-
flame-syeed data. Hot-wire anemometer measmements of the longitudinal
velocity fluctuation intensity md longitudinal correlation coefficient
were made and were employed in the comparison of data and in the theo-
retical calculation of turbulemt flame speed.

INTRODUC!lZON

The high volumetric heat-release rate required in present-day and
future jet-engine combustors has placed sn ever-growing emphasis on tur-
bulent combustion research. The theory of turbulent flame propagation
is as yet in a formative stage, partly because of the lack of reliable
experimentalmethods for determining the effect of turbulence on the
rate of flame propagation. The purpose of the present investigation was
to explore a new experimental method believed to approximate more nearly
a theoretical, or ideal, flsme model than previous methods.

The @or portion of expertiental data on turbulent flame speeds
has been taken in open flames stabilized on Bunsen burners (refs. 1 to
3) or on Mche type burners (refs, 4 and 5). A substantial aMOUUt Of
experimental data has also been obtained frcm flames confined in a duct

A

.



2 NACA TN 3456

and stabilized on bluff bodies (refs. 6 to 8). Another e~erimental
method consists of measuring the speed of ti”flsmeadvancing into a tur-
bulent fuel-air mixture flowing through a tube (ref. 9}. In general,
the definition of turbulent flame syeed used in these methods is that
given in reference 8:

(1)

(All symbols are defined in appendix A.) Equatim (1) has been used
for local measurements by the flame-front angle method and for over-all
flame-speed measurements by the flame-mea method. These two methods
are shown in the following sketches:

Aa + -

L
a

Flame-front ang!?emethod

U sin u

.-

I-:-J
u

Flame-area method

Turbulent-flame-speedvalues obtainedby these methods maybe sig-
nificantly affected by conditions external to the flame-front proper,
such as:

(1) Large fluctuations in instantaneous flame-front position which
introduce uncertainty in the determination of mean position in
long-time-exposurephotographs of stabilized fhunes (ref. 10)

(2) Existence m “piloting zones” at the rims of Bunsen burners,
immediately downstream of bluff bodies, or in the boundary layer
of flame tubes which may affect the burning rate of the flames
near such zones (refs. 7 and 10)

(3) Large velocity differences between ulbxrned and burned gas
flows which may introduce considerable turbulence in stabilized
flemes (refs. 2, 6, 7, and D)

(4} Curvature of unburned-gas streamlines at the flame frent which
may Introduce substantial error in flame speeds measured in
stabilized flames by the angle method (refs. 7 and 12]
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(5) Variations in local fleme speeds along the flsme envelope which
may introduce substmtial error in average flame speeds measured
by the flame-area method

The objective of this investigation was to determine the effect of
tmbulence on the growth of a free flsme. It was thought that the free
flame would not be subject to the camplicatingconditions present in
stabilized flames such as those listed. In addition, the free-flsme

W growth could take place entirely in a homogeneous, isotropic, turbulent

2 field awsy from boundary layers and bluff-body wakes, thus providing a
w more nearly fundamental flame model.

The method used in the present investigation is an extension of the
‘tsoap-bubble”technique (ref. 13) and consists of the observation of the
growth of a free-flame globule as it is carried downstream in a flowing,
turbulent, homogeneous mixture of gaseous fiel and air. The flame glob-
ule was initiatedby a shgle spark, and its growth was recordedby.
three separate methods: high-speed motion picture photography,
ionization-gap probes, and photomultiplier ttie signals.

-J
The flame-globule growth was characterized by an effective turbu-

ti lent flame speed ~, which is defined~ a mass-balance equation similar..—
0
al to that derived in reference 13:

Equation

The rate
•, than the

average,

%2

(2) can be clarified by

r

t- X

the foIlowing

(2)

sketch:

/
area of flame

/
/“ S&face eorre-

/“
.- sponding to

---- mean radius r
---
----

‘- 3
‘-

.

$=&
.

of change of the globule radius was measured over times less
characteristic time of the turbulence. This means that, on the
the flame front traveled through less than one turbulent eddy
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during the time of observation. In the past, average turbulent flsme
speeds have generally been measured from photographs having long’expo-
sure times compared with the characteristic time of the turbulence.

The experimental work was carried out in two phases. The first
phase was initiated and carried out at the NACA Lewis laboratory and
is reported i.n<reference14. (Because of its limited circulation, con-
siderable portions of the work reported in ref. 14 are included in this
report.) Turbulent flsme-speed measurements were obtained from high-
speed motion picture records of the growth of the free-flsme globule as
it was swept downstream in an enclosed-tunnel. The turbulent field was
introduced by means of a wire grid placed at the tunnel inlet some dis-
tance upstream of the spark-electrodeposition. The turbulent field
was characterized by hot-wire anemometer measurements.

The effective turbulent flame speeds determined by the photographic
method varied for runs made under identical fuel-air snd mean stream
conditions. The v~iation was concluded to be due to the statistical
nature of the turbulent field. Statistical snalysis of groups of 30 or

more runs made at identical fuel-air and mean stream conditions showed
that the data for each group approximated a normal probability distribu-
tion. When plotted on the basis of cumulative probability of occurrence,
the effective turbulent flame-speed data showed a consistent increase
with increasing turbulence intensity.

The second phase of the investigation was carried out in a free $et
with a technique whereby the cumulative probability of occurrence of
turbulent flame speed could be determined from flame groups consisting
of thousands of separate flame globules. Th3s technique utilized
ionization-gap probes and counters~ which indicated directly the per-
centage of flsmes reaching or exceeding any given diameter at a series
of statimm downstream of the spark electrodes. ~ this method, flame
speeds were measured over a range of fuel-sir weight ratios from 0.053 .
to 0.090 and a range of mean stream velocities fran 35 to 142 feet per
second at a stream static yressure of 1 atmosphere and a stresm static
temperature of 85° F. The stream turbulence was variedby the use of
three interchangeable grids, and the parameters of the turbulence were
measured with constant-temperaturehot-wire-anemometer instrumentation.

The investigation was carried out
Iaborato~ as a part or the conibustion

at the Lewis Flight
research progrem.

.

Propulsion
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Air-Ducting, Wind-Tunnel, and Air-Flow Instrumentation

The air-ducting, wind-tunnel, and air-flow instrum=tation used in
the first phase of the investigation and reported in reference 14 is
shown in figure l(a). Alterations made to the a~paratus for the second
phase of the investigation are shown in figure l(b). The alterations
essential.lyconverted the system from an enclosed tumnel to a free ~et.

Air supplied from the laboratory air facility was metered with a
standard variable-area orifice and controfied with the butterfly and
gate valves shown in figure 1. Static pressures end temperatures were
measured with ccuwentional manometers and thermocouples.

The ducting apyroach to the tunnel was designed fran principles
used in conventional low-turbtiehce wind tunneb. The transition sec-

. tion was followed by a honeycanb and turbulence-damping screen in the
calming section to reduce the turbulence present in the air-supply flow.
The entrsnce to the enclosed tunnel (or free jet) was a nozzle with a

2 contraction ratio of 20, and provisions were made at the tumnel throat
for the insertion of turbulence-producing grids. Three grids were used
for the investigation, all having a mesh-to-wire diameter ratio of 5.
The grid wire diameters were 0.0313, 0.063, and 0.125 inch.

The enclosed-tunnel installation was eqtipped with an adjustable
plug and nozzle by which critical flow could be maintained at the tunnel
exit, so that the tunnel flow field could be isolated from pressure dis-
turbances in the laboratory exhaust facility. The free-jet installation
was equipped with an exhaust hood into which diluting room air could be
drawn in addition to the free-set flow.

Fuel *stem

The propane fuel used throughout the investigation had the follow-
ing composition by liqpid volume:

15ropane,percent . . . . . . . . . . . . . . . . . . . . . . ...97.76
Ethane, percent . . . . . . . . . . . . . . . . . . . . . . ...1.72
lsobutane, percent . . . . . . . . . . . . . . . . . . . . . . . ...51

The propane fuel system is shown,in figure 2 and was identical for both
the enclosed-tunnel.and free-jet installations. Rropane was supplied
from a laboratory facility and metered with standard rotsmeters. 3%es-
sure, tanperature, sad flow controls are shown in figure 2. The propane
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●

was injected into the air stream through a grid having 60 equally spaced
—

0.040-inch-dfameterholes. The injection grid was installed at a station
upstream of the calming chamber as shown in figure 1.

@

Ignition System

The flame-globule ignition system congisted of a pair of spsrk
electrodes protruding into the tunnel stream from opposing walls and an
electrical energy source. The spark electrodes used in the enclosed
tunnel were carefully streamlined to a fineness ratio of 5 with a thick- -
ness tapering frcm 0.019 inch at the tunnel center to 0.038 inch at the
tunnel wall. The spark electrodes used in the free-~et insta~tion
were of’circular cross section with a dismeter tapering from 0.015 inch
at the stub tunnel center to 0.075 inch at the stub tunnel wall. The
spark-gap spacing was 0.015 smd 0.030 inch for the enclosed-tunneland
free-jet installations, respectively. The spark-electrodepositions
for the two installations are shown in f@ure 1.

The spark-energy source was of the capacitive type and produced
single sparks synchronized with the camera operation in the enclosed-
tunnel installation or successive sparks at three per second in the
free-jet installation. The spark energy couldbe varied by changing
capacitors.

*
m
m
la

.

Flow-Field Instrumentation

In general, the flow-field instrumentation was adaptable to point
measurezuetitsin either the enclosed-tunnel or free-set streams. Mean-
stream-velocitymeasurements were made with a conventional.pitot-static
probe amdmicrmanometer. Fuel-air ratio was measured directlyby a
mixture analyzer. Eltresmsamples were drawn through a sharp-edged
0.125-inch-inside-diameterssmpling probe to the analyzer, which ind3.-
cated f’uel-airratio directly by the the-l-conductivity-bridge method.

Turbulence measurements were made with constant-temperaturehot-
wire-anemometer equi~ment, which is described in appendix B. Sound-
pressure levels were measured with a conventional microphone and a
Round-pressure-levelmeter, also described in appendix B.

Free-Flsme-Growth Measurement

Photographic instrumentation. - The growth of the free-flame globule
was recorded photographically in the enclosed-tunnel installation with *

the optical system shown in figure 3. The photographic records were
.
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taken tith a 16-milltieter Fastax camera operated at approdmately 3600
frames per second and located at the end Wint of the parallel-besm
schl.ierensystem. The enclosed-tunnel windows were striation-free plate
glass. The light source was a mercury-vapor BE-6 lsmp operated with a
high-voltage direct-current power supply.

Ionization-gap instrumentation. - The growth of the free-flame
globule was measuredin the free-jet installation tith sm ionization-
gap probe, a photomultiplier flame sensing unit, and two flame counters.
The physical orientation of these instrumentation components is shown
in figures 4(a] and (b). The photomultiplier unit and its accompanying
flame counter recorded the total number of flames that occured during
w Particular run. The ionization-gap probe and its accompanying flame
cokter recorded the number of flames that grew to a radius of r
greater at the axial station x during any particular run.

The photcmmltiplier unit consisted of a 931A photomultiplier
tube with a fixed-plate voltage supply. The ionization-gap probe
shown in detail in figures 4(c) snd (d). The brass fairing along

or

vacuum
is
the

probe tip prevented flsme seating on the probe both by flame quenching
and by eklmination of the recirculatio~ zone. Because of the convoluted
form of each flsme globule, the voltage signal from the ionization gap
usualJy contsined multiple peaks, which caused spurious counts in the
flame counter. ~ order to smooth these pesks, resistors, Capacitors,
and diodes were included in the 360-volt direct-current battery circuit
for the ionization gap.

In order to prevent spurious counts arising fra small fluctuations
in the voltage signal from both the photomultiplier unit and the
ionization-gap probe, a long time constant was included in the flsme-
counter design. These flsme counters empl~ed thyratron-contro~ed re-
lays and solenoids which actuated a mechanical counter. They were de-
signed by C. C. Conger of the Lewis laborato~~

PhotmnultipUer instrumentation. - Simultaneous measurements of the
spark Hght intensity and ensuing free-flame-globule growth were made
in the free-jet installation with the photomultiplier instrumentation
shown in figure 5. The photomultiplier unit consisted of a 931A photo-
multip~er tube with an adjustable-plate voltage supply. Idght emitted
from the spark and ensuing flame passed through the nsrrow slit to the
photcmmltiplier unit. The voltage signal frcm the photmmltipfier unit

was recorded on 35-millimeter fih frcm an osci~oscope trace. The
photomultip~er instrumentation md the assumption required to relate “
output voltage to flame speed are discussed in appendix C.
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PROCEDURE

The test schedule was as follows:

Grid size, Stream Propsne-air Distance
in. velocity, weight.ratio downstream

+ u, of grid,
Wire Mesh ftjsec x,
diem. in.

Free jet

0.125” 0.625 35 to 105 0.07 15.2 to 16.2
.125 .625 70 .056 to .090 15.2 to 16.2
.063 .313 70 .058 to .084 15.2 tO 16.2
.0313 .156 70 .053 to .084 15.2 to 16.2

Euclosed tunnel

0.125 0.625 35 to 140 0.045 (apprax.) 6.3 to 15.3

P
to
u!
m

Enclosed-Tunnel Installation

Room air was supplied to the enclosed tunnel and exhausted at
critical flow condition through an exit choke by means of the sltitude
exhaust facility. Tunnel static pressures and temperatures were meas-
ured by manometers and thermocouple rakes as shown in figure l(a). Fuel
was injected into the air stream and metered through a standard rotsm-
eter, after which dilution air was amtted do~tre~ of the choke-
The tunnel stream velocity was then measured with a pitot-static probe
and ticrcmmmneter.

me sequenti~ schlieren photographs of the.propagation of the free-
flame globule in the fuel-air mixture were obtained by actuating a
single switch which synchronized the following operations: fuel shut-off
(Producing a semi-infinite fuel slug); camera start; ignition by a.-
single spark; and csmera

An exhaust air-flow

stop after ti appropriate

Free-Jet Installation

rate of approximately 500

interval.

pounds per minute
was initiated, and dilution air was admitted to the hood. Laboratory .
pressurized air and propane were admitted into the stub tunnel, after
which the fuel-air ratio was adjusted to the desired value by means-of
a probe and the NACA mixture analyzer; the stream velocity was deter- .
mined from pitot-tube measurements.



NACA TN 3456 9

The ionization-gap probe was positioned at a station x downstream
of the spark electrodes and at a radial distance r from the tunnel

4
centerline. A series of flsme globules was initiated by the ignition
system, firing at the rate of three sparks per second. The number of
flame globules Np intercepting the ionization-gap probe and the total

number of flame globules ignited Nt were read from instrumentation

shown in figure 4(b).

FLOW-FIELD MEMmmmTs

In order to check the uniformity of the flow field, velocity pro-
files were measiued in both the enclosed-tmnel and free-jet installa-
tions. The mean stresm velocity for both installations was essentially
constant over the core of interest, as shown by figure 6. .Similar
measurements were made to check the uniformity of the propane-air ratio

. in both installations. The propane-ah ratio was found to be constant
over the major portion of the enclosed-tunnel flow field, and typical
profiles measured in the free-jet installation sre shown in figure 7.

2
In order to establish the characteristics of the turbulent field,

extensive measurements of the turbulence intensity r u2j the spectrum
function F, and the correlation coefficient f were made in both the
enclosed-tunnel and the free-jet installations. The definitions of
these quantities and the instrumentation used to measure them are dis-
cussed in appendix B.

Enclosed-Tunnel ‘J3mbulenceMeasurements

Longitudinal.turbulence intensity measurements made in th~
enclosed-tunnel installation are shoyn in figure 8. The data shown in
the figure Wee well tith the von Karm& data quoted in reference 15
and show a substantial decrease in turbulence intensity from the elec-
trode position (x/d = 50) to the end of the flame-growth observation
field (x/d= 122). Longitudinal intensity profiles measured in the
tunnel center plane perpendicular to the observation plsne were essen-
tially flat over the core of interest. Turbulent energy spectra were
measured in the enclosed-tunnel installation as described in appendix B.
The scale of turbulence was estimated by comparison of experimental data

with a grid of spectrum density curves based on sn e

7

onential form of
the longitudinal correlation coefficient f = m (~Lf). Aty@cal

measured spectrum is shown in figure 9, end the esthated turbulence
● scales are 13sted in table I.
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Free-Jet Turbulence Measurements

Conversion of the enclosed tunnel to a free Jet resulted in em in-
tense sound field originating in the dilution air and exhaust hood and
piping. As described in reference 16, velocity fluctuations associated
with sound waves contribute to the hot-wire anemometer measurements-...
through the relation

G ={-= (3)

with the assmption that no correlation exists between the turbulence
and sound velocity fluctuations. In order to determine the applica-
bility of equation (3) in the free jet, longitudinal velocity fluctua-
tion intensities were measured both with and without the intense sound
field. These measurements are shown in figure 10 for each of the three
turbulence grids used in the investigation. The velocity fluct~tion
intensity was definitely increased with the presence of the sound field .

for each of the three turbulence-generatinggrids.

The sound-pressure level in the free jet was measured with the
If

instrumentation described in appendix B and was foun~to be 136 decibels,

which corresponds to a sound-velocity fluctuation 4
2us of 0.96 foot per

r
-Zsecond. Values of the sound-velocity fluctuation us were also calc-

ulated from the data of figure 10 by the use of equation (3). These

r
-Z

rvalues of ‘s are compared in table II with the value of u~ cor-

responding to the sound-pressure level al?136 decibels; good agreement
is shown in every case.

The kinetic-energy spectrum of the sound field alone is shown in
figure ll; it has a generally continuous form with peaks, or periodici-
ties, at 57, 110, 140, 170, 230 to 285, 600 to 870, 1050, 1S00, 2400,
3000, 4000 to 5600, and 7000 to 9000 cycles per second. Periodicitles
observed in the sound spectrum were generally found again in the longi-
tudinal velocity fluctuation energy spectra measured in the free-jet
installation, as shown by the typical spectrum in figure 12.

Longitudinal dotile-velocity correlation coefficients f measured
in the free-Jet installation are shown in figure 13 for each of the
three turbulence-produc~ grids. The irregular form of the correla.tion-
coefficient curves is attributed to the peridic nature of a considerable
portion of the velocity fluctuations. The correlation coefficients were
measured by the special methods described in appendix B sad are defined .
by the relation

—
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where the symbols are defined by the following

% Ug
.u I I *

~

HE

The longitudinal turbulence scale is
relation

h

(4)

vector diagrsm:

usu.a~y defined by the

(5)

Because of the periodic nature of the combined turbulence and sound
fields, the longitudinal correction coefficient did not approach
zero within the range of measurement. Therefore, equation (5) could
not be used to define the turbulence scale. Since the growth of the
flsme globule was obsened over times com~arable with ~ = 0.1 inch,
only the first portions of the correlation curves shown in figure 13
were considered relevant to the ~eriment. As a part of the calculat-
ions involved in the Scurlock-Grover analysis, values of the lateral
scale of turbulence Lg were calculated as described in appendix D.

These calculated values of Lg are listed in the table included in

the RESULTS section of the text.

DEIWRMINATION OF FLAME SPE3ZD

Fundamental Considerations

The relation between flame speed and free-flame globule-~sion
rate is derived in reference 13 for a constant-pressure laminar free
flame propagating in a qtiescent fuel-air mixture. This relation was
obtained by equating the mass flow of the unburned gases entering a
rlsme front of infinitesimalthickness to the mass flow of the burned
gases leaving-the flame front. In a physical sense, the following eq=-
tion accounts for both the flame-front motion due to flsme propagation
and the motion due to thermal expansion of the burned gases:

&

(2)
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The following modification of this equation to account for a finite
flame-front”thickness 5 has been presented in reference 14:

%=

For this investigation, the thickness of

(6)

the flame front was con-
sidered negligible c&ared-with the radius r so that equation (2)
was used to analyze the data. The values of pa, computed from Ra

and Ta, were obtained from measurements of tunnel approach-stream

flow. The values of PF, computed from ~-””and TF for each fuel-air

ratio, were taken frcm references 17 and 18, respectively. The value
~ PF/Pa varied fram 0.12 to 0.14 in the present tivestigation.

A number of assumptions are necessary to the definition of effec-
tive turbulent flame speedas givenby eqpation (2). The definition
requires that

(1) The free-flame globule grow uniformly in all radial directions

(2) The combustion proceed in a constant pressure field

(3) The flame globule be swept downstream at the stream velocity

(4) No circumferential flow exist about the flame globule

(5) Variations in spark energy not affect the globule propagation
rate

The validity of the assumptions was establishedby special tests
described later in this section.

Photogra@ic Method .—

.

b

Photographic data obtained in the enclosed tunnel were analyzedby
projecting the 16-millimeter motion picture film record of each f’lame-
globule expansion onto a film viewer. A ty@cal. photographic record is
shown in figure 14(a). The outline of each globule was traced in order
to permit planimetering its area and calculating a mean radius. The
mean radius was plotted against time for each flame globule of the se-
quence, as shown in figure 14(b). The slope of a straight line faired
through such a series of experimental points is dr[dt. The effective
turbulent flame speed was then calculated by multi

fY

ng dr~dt by
the expansion factor PF/Pa as shown in equation 2 .

.

—.
i-”
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From sets of 30 or more flame speeds obtained in this mauner for
identical fuel-air-flow conditions, the cumulative probability of oc-
currence of flemes having these fleme speeds was calculated. lb order
to illustrate the statistical nature of these data, the turbulent flame
speeds of a typical set of data have been plotted against cumulative
probability of occurrence in figure 14(c). Each data point represents
the effective flame speed of a single free flame. Cumulative proba-
bility of occurrence is defined as the percentage of flames having flame
speeds greater than a given value.

ionization-Gap Method

In order to obtain a set of turbulent flsme speeds for a particular
condition of turbulent approach-stream intensity and fuel-air ratio in
the free-jet installation the ionization-gap probe was positioned con-
secutively at two stations x = 15.2 and 16.2 inches, as outlined dia-
grsmnatfcaldy in figure 15. For each chosen position r, at least
1000 flames Nt were ignited. The ionization-gap counter recorded the

number of flames Np intercepting the probe. The ratio Np/Nt was the

cumulative probability of a flame globule having a radius at least as
great as that indicatedby the probe setting r. The ratio NP/Nt was

then plotted on pmbablJity coordinates against r sad a curve waa
faired thrcmgh each of the two sets of data as shown in figure 16. The
difference & was obtained from the curves for the cumuhtive proba-
bilities of 2, 20, 50, 80, and 98 percent. Equation (2) was then em-
ployed to determine the flsme meeds correspcmding to the five proba-
bility percentages.

Photomtitiplier Method

The photomultiplier method was used to obtain values proportional
to the effective flame speed. The method essentially consists of meas-
uring the free-flsme globule-~wth rate along the axial diameter of
the globule. The method is described in the APPARATUS section and in
appendix C. The instrumentation is shown in figure 5.

Verification of Experimental Method

The discussion of equation (2) in a preceding section included a
number of assumptions necessary to the derivation of the equation.
Since equation (2) essentially expresses the experimental method used
in the investigation, the assumptions were verified by tests that are
described in the following paragraphs.
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Uniformity of globule growth. - Photographic data of the fls.me-
globule growth in the enclosed tunnel were-analyzed to determine
whether the globules had preferential growth &lrections. This analysis
was made by measuring globule diameters (see fig. 17) at four angles
of rotation from the tunnel axis. Wldle each globule had different
growth rates along the four diameters, no consistent relation between
~owth rate and direction was found. Thl.sobservation supports the use
of a mean radius in the photographic method of flame-speed measurement,
the use of a single radial Urection in the ionization-gap method, and
the use of a single diameter in the photcmultiplier method of flame-
growth observation.

Pressure pulsations. - In order to determine whether the fluctua-
tions in flame-globule-growth rates, illustrated by figure 14~b), were
due to Pressure fluctuations in the enclosed tunnel, data as shown in
figure 17 were inspected for possible phase relations between the
fluctuations in growth rate along the four diametral directions. Since
no frequency-phase relation was found from these data, it was concluded
that pressuxe fluctuations were not responsible for the fluctuations in
globule-growth rate. Additional measurements with a wall-mounted pres-
sure pickup indicated the absence of significant pressure pulsations in
the enclosed tunnel.

Axial velocity of flame globule. - The effect of buoyancy of the
hot flame globule on its a~al velocity was determinedly measuring the
tistemce from the sprk electrodes to the globule center on each frame
of photographic sequences such as shown in figure 14(a). The axial -
velocities calculated frcm such measurements agreed closely in all
cases with the measured stream velocity, which indicated that the
buoyancy effect was negligible.

Unburned-gas motion. - As showm by equation (2), the rate of
“thermalexpansion of the flsme globule is fmm 7 to 8 times as great
as the effective turbulent flame speed. Xn order to determine whether
the unburned-gas motion caused by this thermal expansion was purely
radial (from the globule center), simultaneous osciKLograph records
were made in the free-jet installation with the ionization-gap probe
and a shielded hot-wire anemometer probe as shown by the typical oscil-
lograph and probe position diagram in figure 18. The ionization-gap
trace inticated the flame-globule passage, and the anemometer trace was
proportional to the instantaneous stream velocity. fispection of 60
such records indicated no axial change in mean stream velocity and there-
fore no circumferential flow of unburned gases about the sphere. The
marked decrease in amplitude of velocity fluctuations at the time of
flame-globule passage is interpretedas being due to the radial transla-
tion of the free-jet stresm core by the thermal expansion of the flame
globule.

.

E’
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Effect of spark energ. - In order to determine the effect of
spark energy on the flame-globule growth, two series of runs were made

-* in the free-jet installation under identical stream snd fuel conditions
but with spark source energies differing by a factor of 2.5. & shown
in figure 19, cumulative probabilities of flame-globule sizes were
measured at a series of axial positions with the ionization-gay instru-
mentation for the two spark source capacitors of 0.0034 and 0.0010
microfarads. The data of figure 19 show an increase in initial flame-
globule size, but no change in turbulent flame speed between the axial
positions x = 15.2 and 16.2 inches.

Effect of spark light intensity. - Additional information on the
relation between the spark characteristics and the flame-globule growth
was obtained with the photamultiplier instrumentation shown in figure
5. With this instmmentation, oscillographs were obtained in a free-
jet installation showing spark light intensity and flame light intensity
as a function of time for 151 consecutive flame globules at constant

. mean .streamandfiel conditions. &pical oscillographs obtainedby
this meth&i are shown in figure 20. As shown in appendix C, the por-
tion of the trace due to the spark light intensity was proportional toi
spark current, and statistical analysis of the magnitudes of the yeak
spark light fitensity indicated that this Par&meter approxtited a
normal probability distribution. The flame speed of the globule was
taken as proportional to the slope of the portion of the oscillograph
trace due to flame light intensity, as discussed in appendix C.

The group of 151 consecutive runs are shown in figure 21, in which
peak spark light intenstty is plotted against flsme speed for each par-
ticular flsme globule. The statistical correlation coefficient for this
data was determined with Pearson’s product moment formula (ref. 19) ad
was found to have an absolute value of [0.17] for a possible range of
zero to 11.01. The low value of the statistical correlation”coeffi-
cient is interpreted to indicate that variations in spark current had
no effect on turbulent flame speed.

Additional verification of statistical variation of turbulent
flame propsgation. - The emulative probability of occurrence of slopes
measured from the series of 151 photamultiplier oscillographs is shown

in figure 22. The statistical distribution of flame spee& measuredly
this method is interpreted as additional proof of the randomness of the
phenomena.

Validity of common origin assumption. - The ionization-gaP
method, described earlier in this section, assumes that all flame
globules have a common origin point, as shown in figure 1S. In

. order to determine the error introduced by this assumption, “origin
points” were measured from the series of 151 photomultiplier traces by

.
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extrapolating the slope of the flame light intensity trace to the time
axis, as shown in figure 20. The origin points showed a statistical
deviation in position, and the theoretical error introduced into flame
speeds determined by the ionization-gapmethod was calculated to be
+2.5 percent or less, with one standard deviation of origin position.
The error in flame speed due to shift in origin point is smaXl campared
with the deviations in flame speed actually measured by the photographic
(fig. 14(c)), the ionization-gap, and thephotamultiplier tube methods
(fig. 22).

Precision of Data

1-

!2
to

Ionization-gapmeasurements. - Each data point plotted as cumula-
tive probability against flsme radius, such as shown in figure 16,
represents information from at -least1000 flames. As shown in refer-
ence 20, samples consisting of 1000 flames would have the following
accuracy in the cumulative probability value:

Cumulative Possible
probability, error,

percent percent

50 s
20 ~7
2 L29

The possible errors listed correspond to 1.28 standard deviations of
the error distribution and therefore should hold 80 percent of the
time. The general ccmsistency of the data throughout the lower prob-
ability region such as shown in figure 16 seems to justify greater
confidence in the low cumulative probability range than that shown in
the preceding table.

The reliability of the curves fairedthrough the plotted experim-
ental data, such as presented in figure 16, may be estimated from the
deviation of data points from the fitted curves.

The greatest divergence was found in results for the 0.125-inch-
diameter screen. For the 98-percent probability level, the maxhmm
data scatter from a faired curve was 20 percent; for the 50-percent
level, 7.8 perceiit;and for the 2-percent”level,3 percent. The maxi-
mum scatter Zor the 0.063-inch-dismeter screen was 5.3 percent at 98-
percent probability, and for the 0.0313-inch-&@neter screen, it was
13 percent at the 98-percent level.

a
.
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As discussed earlier in this section, the value of flame tem-
% perature used in the equation for turbulent flame speed was a cal-

culated theoretical value. It may be of interest to note that flame
temperature has a much greater effect on the laminar flame syeed than
on the calculation leading to effective turbulent flame speed. As
shown by reference 21, a decrease of theoretical adiabatic flame
temperature from 40000 to 3900° R would result in a laminar flame
speed decrease of 43 percent. In contrast, this change in flame
temperature$

w4 flame speed

It appears,

would cause only a 2.5-percent
calculated from the equation

PF &
% ‘~E

decrease in the turbulent

(2)

then, for the purpose of this investi~tion, that the ef-
fect of a small error in actual flame temperature is negligible in

. calculating the density ratio.

.*
Other sources of inaccuracy may be found in the instrumentation

and equipment. The positioning of the ionization-gap probe involved
$ an error not exceeding 0.5 percent. Measurement of the fuel-air ratio

was accurate within 2 percent. Flow measurements were made with a pre-
/ ci.sionof 3 percent. For the measurements characterizing the turbu-

lence parameters, an estimated value of +5 percent is suggested for the
probable limit of error.

Photomultiplier method. - A treatment of the sources of error
present in flame-speed measurement by the photomultiplier method 1s
presented in appendix C.

Photographic method. - In adtition to the errors introducsdby the
equipment and instrumentation, souxces of error pectiar to the photo-
graphic method must be considered. Such factors as adjustment of the
projected image to one-to-one correspondence, timing, optical resolu-
tion, and scale factor are all considered significant and have been
thoroughly treated in reference 22, which assi~s a relative maxhmnn
error of 10 yeo?centto the photographic-retiction technique.

REsums

Effective turbulent flame speeds were measured in the enclosed-
tunnel and free-jet installations aver a range of Iropane-air and turbu-
lence conditions as shown in the following table:

‘%

.
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Grid size, Stream Longitudinal Lateral Propane- Distance
in. velocity, velocity turbu- air downstream

u, fluctuation lence weight of grid,
Diem. Mesh f’t/sec intensity, stale, ratio x,

T ~> ‘g> in.

ft[sec in.

Free jet

0.125 0.625 35 to 105 1.18 to 2.60 0.0645 0.07 15.2 to 16.2
.125 .625 70 1.69 .0645 .056 to 15.2 to 16.2

.09
.063 .313 70 1.34 .0587 .058 to 15.2 to 16.2

.084
.0313 .156 70 1.17 .0437 .053 to 15.2 to 16.2

.084

Enclosed tunnel

0.125 0.625 35 to 140 0.81 to 3.51 0.08 to 0.045 6.3 to 15.3
0.13 (approx.)

sto
to

The lateral turbulence scales ‘% for the enclosed tunnel were obtained \

from the values of ~ shown in table I by using equation (B7) of ap-

pendix B. The values of Lg for the free jet were obtained by fitting —
an exponential curve to the lateral correlation coefficient g as de-
scribed in appendix D. Both methods for evaluation of Lg are based

on the assumption of isotro~, which was not proven because of the lack
of turbulence measurements in the lateral direction.

The effective turbulent flsme speeds, plotted in figure 23, were.
measured in the free-~et installation at a fixed propane-air ratio of

—

0.07 over a range of mean stresm velocities with the 0.125-inch wire
—

diameter by 0.625-inch mesh turbulence-gene-l%tinggrid. The data are
plotted as a function of longitudinal velocity fluctuation intensity

rU2 tith cumtitive probability as a paremeter. Since turbulence
measurements were made at only one stream velocity, and since the
sound-pressure level was independent of stream velocity, the data of
table II and the following equation were employed to calculate the
longitudinal velocity fluctuation intensity:

J-*2 =m (7)

.
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The turbulence intensity (PI )~ U was assmned constant throughout the

rsnge Or stream velocity U (see ref. 15), and. ~ corresponded to the

measured sound-pressure level of 136 decibels.

Effective turbulent flame speeds measured in the enclosed-tunnel
installation at a fixed propane-air ratio of approximately 0.045 are
plotted in figure 24 as a function of the longitudinal velocity fluctu-

W rU2 with cumulative probability as a parameter. Theation titensity
z4 data show a consistent increase of effective turbulent flame speed tith

velocity fluctuation intensity. These data were obtained downstream of
the 0.125-inch wire diameter by 0.625-inch mesh grid over a range of
stream velocities frcnn30 to 140 feet per second. As shown by the data
of fzgure 8, the decay of the turbulence intensity was quite severe
over the range of interest (x/d = 50 to 122). A turbulence intensity

.
of(Glu) -= 0.027 was taken as a representative value and assumed

constant to obtain values of

$

r U2 over the stream-velocity range.

Q The effects of propane-air ratio and turbulence scale on the propa-
y gation rate of the free flame were investigated in the free-jet instal-
$ lation by measuring the turbulent flame speed downstream of the three

turbulence-generatinggrids over a range of propane-air ratio from
0.053 to 0.090. (The variations in turbulence scale are listed in the
table at the beginning of this section.) These data sre shown in fig-
ure 25 along with a dashed lJne representing laminar flsme-speed data
reported in reference 21. Turbulent flsme speeds frmn the enclosed
tunnel are included in figure 25(a) and were evaluatedby interpolat-
ing the data of figure 24 at a velocity fluctuation intensity equal to
that of the free-jet data in figure 25(a).

DISCUSSION

Measurements of EYesent Investigation

A discussion of the effect of turbulence m flame propagation is
generally conceded to rest on the principles of turbulent motion set
forth by Taylor in reference 23. These principles are summerized in
the eq,,tion relating the mean displacement X
frm its original position to two parameters of

J

t
1s

D=-— .2
2 dt o ~dt

of a fluid particle
the turbulent field:

(8)
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where D is the turbulent diffusion coefficient in the x-tirection,
X is the particle displacement in the x-direction, and % is the
Lagrangian double-velocity correlation coefficient definedby the
relation

~
a=

H-Z-Z
‘o %

(9)

It is of’particular importance to note that the turbulence parameters
in equatioh {8) are both mean values, and that instantaneous, local
particle displacements depend on the statistical deviations about those
mean values. It is suggested that the fluid particle displacements have
a statistical distribution about the mean much the ssme as the statisti-
cal variation of velocity fluctuations In the turbulence. Such varia-
tions in particle displacements would be particularly noticeable when
observed over times less than the characteristic time of the turbulence,
as is the case in the present investigation.

A statistical variation in the particle displacement X would
probably cause variations in the speed of flames where flame wrinkling
was controlling; a statistical distribution of the turbulent diffusion
coefficient D would also probably cause variations in the flame speed
where the diffusion process affects turbulent flame propagation. As a
consequence of this statistical distribution of turbulence velocity and
correlation coefficients, particulm free flames might encounter cond3.-
tions especially favorable and therefore have high propagation rates,
while others might be subjected to conditions that would reduce their
rate of growth. This picture of statistical variation is consistent
with the
and dSO
brush of

The
reported
in flsme

data of the present investigaticm shown in figures 23 to 25
agrees with observations of stabilized
flame fronts.

effect of fleme temperature on laminar
in references 21 and 24, wherein it is
temperature result in large changes in

flsmes that show a wl~e

flsme speed has been
shown that small changes
laminar flame speed.

—.

b particular, reference 24 shows that this dependence of lsmi&r flame
speed on flame temperature is of greater magnitude in the lean and rich
regions. The lower portions of the flame-speed probability band in”
figure 25 genera13y show decreases in the ratio of the turbulent to
the Mninar flsme speed ~/SL in the lean and rich fuel-air regions.

This decrease is consistent with the effect of flsme temperature if the
lower portion of the probability band is considered to represent flames
that have encountered turbulent conditions sufficiently violent to de- *
crease the flame temperature by diffusive action.

.

—.
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u Comparison of figures 25(a), (b), and (c) shows’that greater yor-
tions of the flame-speed band fall below the lsminar flame speed as the
grid size becomes smaller. As shown by figure 13, decreases in the grid
size reduce the mean turbulent eddy size. Since the effect of the tur-
bulence is thought to be increasingly diffusive in character as the tur-
bulence scale decreases, this trend might be due to an increasing propor-
tion of flames having temperatures less than the adiabatic value as the
turbulence scale beccmes smaller.

Comparison with Data

A comparison of the data of
of references 4, 8, 9, and 22 is

from Other bvestigations

the present investigation with those
presented in figure 26. In order to

obtain a basis for-c&parison, the data are plotted with the ratio of
turbulent to lsminer flame speed @/SL agsdnst longitudinal velocity

rfluctuation intensity V. The turbulent flsme speeds measured in a

Mache (nozzle) type burner (ref. 4), a Bunsen burner (ref. 8), and a
fleme tube (ref. 9) fall ~ove those measuredly the free-flame method
in references 14 and 22 and in the present investigation. It should be
noted that the ~/SL data from the present investigation are plotted

against the longitudinal velocity fluctuation intensity, which includes
the contributions frcm both turbulence and sound. A better agreement
with the data of other investigations could be obtained by plotting the

ratio
r

~/SL a&inst thevelocity fluctuation intensity $ due to

turbulence alone. This procedure is questionable, since the sound-
velocity fluctuations may have an appreciable effect on turbulent flame
speed when coupled with turbulence, and also because the magnitude of
the sound field in the other investigations is unknown. The abscissas
of figure 26 may be converted to turbulence intensity by the &e of
equation (3) and the data of table II.

The effect of fuel-air ratio on turbulent flame speed of free
f-es is shown in figure 27, in which the data frcm the free-flsme ex-
periment reported in reference 22 are compared with those of the present
investigation. The data from the present investigation shown in figure
27 were taken 15.2 to 16.2 inches downstream of the 0.125-inch wire
dismeter by 0.625-inch mesh grid, while the data frcm reference 22 were
taken 14 to 18 inches downstream of a 0.125-inch wire diameter by 0.500-
inch mesh grid. The grid sizes and axial distances are close enough
so that the turbulence scales were roughly equal. Because of a large
difference in stream velocity, the two sets of data were tsken under
widely different velocity fluctuation intensities. Both sets of data
show a general trend of decreasing turbulent to laminar flame-speed
ratio in the lean and rich fuel-air-ratio regions. The considerable
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.

deviation from mesn”values exhibited by the data of reference 22 sub-
stantiates the statistical deviation of turbulent flame speed noted in w
the present investigation.

Comparison of Data with

The current prevailing conceyt of

.

Various Theories

turbulent flame propagation ~s
based on references 25 and 26, whereinthe proposals are made that (1)
small-scale turbulence (of the order of the flame-front thickness)
increases the local flame propagation rate because of increased &Lffu-

!?

sion rates, and (2) large-scale turbulence increases the over-all flame
propagation rate by wrinkling the flame with attendant increased flsme-
front area. Although it is well known that a turbulent field contains
a statistical distribution of “eddy sizes)” the complexity of the prob-
lem has dictated the assumption of either the large- or small-scale case.

The basic concept proposed by Shelkin (ref. 26) for the large-scale
.

case is that the wrinkling of the flame front might be approximated by
cones having a base proportional to the turbulence scale and a height #
proportional to the turbulence intensity. This concept has been sup-
ported experimentally by Hottel and coworkers in reference 1.

—.

Turbulent flame speeds measured in flsmes-stabilized on bluff bodies
in high-velocity fuel-air streams led Scurlock and coworkers to postulate
the concept of flame-generated turbulence (refs. 6 and 7). Theoretical
analyses to account for flame-generated turbulence were proposed by
Karlovitz and coworkers (ref. 2) and by Scurlock and Grover (ref. n),
but neither analysis conforms to all existing experimental data. A re-
cent analysis by Tucker (ref. 27) predicts that little, if any, turbu-
lence would be generated by free flsnes with small surface deformations.

Since the Shelkin equation is not only of historical interest but
is also used as a basis for the Scurlock-Grover theory, the data of the
present investigation are ccmpared with the Shelkin equation in figure
28, wherein the ratio ~/SL is plotted as a function of longitudinal

velocity fluctuation intensity for four cumulative probabilities. The
data include flame speeds measured with each of the three turbulence- “
generating grids and are all for the constant fuel-air weight ratio of
0.07 (figs. 23 and 25). The Shelkin equation was correlated with the
data at each value of cumulative probability by the method of least
squares. This correlation was accomplished by determining the constant
B in the Shelkin equation as follows:

ST

(1

~ /2 .

‘= 1 + B% (lo)
‘L %

,’
.
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The value of the constant B was estimated to be unity by Shelkin but

* varies from 0.867 for the cumulative probability of 2 percent to 0.220
for the cumulative probability of 80 percent. The value of the con-
stant B is shown in figure 28 for each of the cumulative probabilities.
The data scatter about the Shelkin equation but show some agreement with
the Shelkin theory. A curve plotted through the data obtained with the
0.125-inch grid does not follow the shape of the Shelkin curve, however.

.

The theoretical expression for turbulent flame speed presentedby
Tucker in reference 27 was obtainedby a wave analysis of the effect of
a low-intensity turbulent field on an infinitesmaay thin flame front
hating convolutions, or wrinkles, of low slope. The final eqution
shows no effect of turbulence correlation coefficient and is, in the
present notation,

(U)

G where C!(~)is a function of the ratio T = TF~a. The analysis in-
72eludes the assumption,that the second-order terms (u /SL)2 are negli-

gible, that the flame te~erature andlsminar flame speed are dependent
only on fuel-air ratio, and that the diffusive action of turbulence is
negligible.

k order to obtain a comparison with the prese@ dsta, the Tucker
analysis was extrapolated well beyond its intended limit of the ratio

(@L) ● The data of the present investigation compare welJ.with the

Tucker analysis in the low velocity fluctuation intensity regibn as
shown in fQure 29, but falls below the theory in the higher intensity
range, where the theory cannot be expected to hold. A further coznpari-
son of the turbulent flame-speed data with the Tucker snalysis is made
in figure 3Q, wherein the ratio ~/SL is plotted agdnst fuel-air

weight ratio. These data are for each of the three turbulence-generating
grids and were taken at the same mean stream velocity. The data in
each figure fall below the theory, but, with the exception of the
~closed-tunnel data (fig. 30(a), fuel-air ratio, 0.045), follow the
general trend of the Tucker analysis in the up~er portton of the cumula-
tive probability bad. These data suggest that the anslysis might be
taken as the 13nd.tingvalue of turbulent flame speed for the turbulence
conditions specified in the figures.

. The turbulent flame-speed data are also ccmparedwith the Scurlock-
Grover analysis (ref. l-l)in figures 29 and 30. This analysis assumes
that the flames proceed locally at the laminar rate SL, but that the

.
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.

over-all flame speed ~ is increased because of flame-front wrinkling

caused by turbulence. The geometrical model is similar to Shelkinls, T
except that the wrinkle height is assumed to be positively tifected by
turbulent motion and negatively affected by local flsme propagation.
The analysis also accounts for flame-generated turbulence causedby
velocity and density gratients across the flame front.

Flame-generated turbulence has been neglected in a modified
Scurlock-Grover analysis, which was used in the yresent investigation

g
and is discussed in appendix D. The measured correlation coefficients,
as shown in figure 13, were used in the analysis, in contrast to the

m

exponential forms assumed in the Scurlock-Grover report (ref. 11) and
the comparison with free-flame data made in reference 22. The analysis

predicted that the turbulent flsme speed had not yet reached its full
value at the axial stations of measurement (x = 15.2 and 16.2 in.).
Therefore, values of Ej/y were calculated frm the theory for fleme-

growth times corresponding to both stations and are shown in figures 29 “
and 30.

The tits,of the present investigation fall below the values of *

~/SL pred3.ctedbythemodified Scurlock-Grover ~~sis but follow

the theory fairly well in the upper portion of the probability band.
The data follow the Scurlock-Grover analysis more closely for the
largest turbulence scale (fig. 30(a)), and the agreement becmues pro-
gressively worse as the turbulence scale becmnes smaller (figs. 30(b)
and (C}). This type of relation may be due to an increasing diffusive “
action of the turbulence as the scale beccxnessmaller, as discussed
previously in this section.

The data agree more closely with the $curlock-Grover analysis
than with the Tucker theory in the lean and rich fuel-air-ratio regions.

This probably is due to the increasing 0/% in those regions that

tend to exceed the limits of the assumptions made in the Tucker analysis
discussed in a preceding paragraph.

In summary, values from both the Tucker and the Scurlock-Grover
_ses seemto form ~ upper limit to the data of the present
investigation.

CONCLUSIONS

From the results of the investigation, the following conclusions
are made:

s.-

.
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1. The propagation rate of a free flame in a turbulent field with
intense random sound-velocity fluctuations is a statistical variable
having a probability of occurrence band bounded by a zero propagation
rate and possibly an upper propagation rate well above the lsminar flame
speed.

2. The propagation rate of a free turbulent flame is substantially
less than those previously measured for stabilized flames.

3. The statistical spread of free-flame propagation rates is
markedly wider in both the lean and rich fuel-air-ratio regions.

4. Values calculated frcm the Tucker analysis for free-flame propa-
gation rates apparently form an upper limit for tie statistical spread
of free-flame propagation rates in the regions where the velocity fluc-
tuation intensity is low.

.
5. Values calculated from the modified Scurlock-Grover analysis

apparently form an upper limit for the statistical spread of free-flame
propagation rate.

Lewis F13ght Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, April 25, 1955
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APPENDIX A
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f
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SYMBOLS

The fol.lcnr@gsynibolsare used in this report:

cross-sectionalsxea

smoothed time-average surface area of turbulent flame

local speed of sound, ft/sec

constant in Shelkin equation

constant

turbulent diffusion coefficient, sq ft/sec

wire diameter of turbulence-producinggrid, in.

d-c voltage, v

ma of a-c complex wave voltage, v

longitudinal energy spectrum density function, sec

longitudinal double-velocity correlation coefficient

lateral double-velocity correlation coefficient

hot-wire current at stres.mconditions, anp

gain of decade smplifi=

longitudinal scale of turbulence, in.

lateral scale of turbulence, in.

Lagrangian scale of turbulence, in.

nuniberof flame globules

frequency, cps

gas constant

Lagrangian double-velocity correlation coefficient

.

7

s

.
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r
%

s

SPL

T

●

.

.

radial distance from tunnel axis, in.

flsme speed, ft/sec

sound-pressure level, db

temperature, ‘R

time, sec

mean stream velocity, ft/sec

longitudinal velocity fluctuation, ft/sec

lateral velocity fluctuations, ftfsec

fluid particle displacement due to turbulent motion, ft.

distance downstream of turbulence-producing grid, in.

distace from tunnel wall, in.
.

agle, deg

power band width of wave analyzer, cps

flame-front thickness, ft

spatial separation of velocity vectors comprising correlation
coefficient, in.

density, lb/cu ft

one standard deviation

ratio of flsme temperature to unburned gas temp~ature, TF/Ta

equivalence ratio, (fuel-air ratio)/(stoichiometricfuel-air ratio)

hot-wire resistance at stream conditions, ohms

Subscripts:

a ambient, or approach stresm

F flame

f pertaining to correlation coefficient f
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n

o
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pertaining to correlation coefficient g

lami.nax

pertaining to a frequency interval

no-flow condition in anemometry, or reference point in space or
time double-velocity correlation coefficients

pertaining to nwiber of flelnesof a given radius or greater

turbulent

total, or time

at a distance ~ from zero position
.

.

.
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APPENDIX B

TURBULENCE AND SOUND INSTRUMENTATION

Theoretical Background

AND ANALYSIS

Turbulent fields sre generally defined by the two parameters in.
tensity snd correlation coefficient. The turbulence intensity is defined

as the rms value of the turbulent velocity fluctuations @3#Z~~

@
— .—

. The double-velocity correlation coefficient maybe representedby
a second-order tensor which for a homogeneous, isotropic field of tur-
bulence can be reduced to two components as shown in reference 28. These
two components are the longitudinal and lateral double-velocity correla-
tion coefficients defined as follows:

(B2)

where f and g sre the longitudhal and the lateral correlation coef-
ficients, respectively, u is turbulent velocity fluctuatiori,~ is the
spatial separation between the points of measurement of the u, and the
bsr signifies a long time aversge.

Longitudinal and lateral turbulence scales have been defined by the
relations

J
a

Lg = g ,d~
o

(B4)

The8e scales sre
for honmgeneous,
tion (ref. 28)

intendedto represent a =an turbulent eddy size, and
isotropic turbulence maybe related through the equa-

.

.

(Is)
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which, by integration, becomes

For the commonly observed exponential
becomes

r
%--%

(B6)

()form of f = exp ~ , equation (B6)
%

Taylor has shown in reference 29 that the one-dimmsional turbulence
energy spectral density function F is the Fourier transform of the
longitudinal correlation coefficient f:

rm
f= F COS

Jo

where F is deftied by the relations

21mx ~
T

(B8)
.

w
(B9)

and

t

“’Fdn=l (B1O)
o

where ~ represents the tutal kinetic enmgy in longitudinal direction,—
smd ~ represents the kinetic energy centained
n to n+dn.

Hot-Wire Anemometry

in the frequency interval

The constant-temperaturehot-wire anemometry equipment is shown dia-
grammatically in figure 31, ad for the most part has been desa>d in

—.
references 16 end 30. The equation relating the rms voltage 4/E~ meas-
ured by the average square computer to the turbulence intensity has been
discussed in reference 16 and is as follows:

r—
U2 u 4iu

f
#

(2K)Q(i2 -i~) t
(Bll) .

.
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The spectrum density

* recorder play-back signal
reference 16:

31

function F was measured from the tape-
by the following equation which is given in

—

%F.—= (B1.2)

-.

5 where E: is the squsre of the rms voltage reading of the wave analyzer.

The double-velocity correlation coefficient f was determined from
a double-channel msgnetic tape recording of the instantaneous voltage
signal from the hot-wire anemometer. The double-channel tape was played
back -intoa double correlation computer which electronically performed
the tistantemeous multiplication of velocity fluctuations indicated in
equation (Bl). The vsriable separation ~ between velocity vectors was

. attained by the use of a mavable and a fixed play-back head. The sep=a-
tion ~ between the velocity vectors was equal to the separation between
the heads multiplied by the ratio of the stresm velocity to the tapea.
speed. The double correlation conguter was designed by D. F. Berg md
C. C. Conger of the Lewis laboratory. The equivalence of the correlation
coefficient measured by this ~thod and by the two-probe method was proven
as a part of a research progrsm ccmducted by J. C. Laurence of the Lewis
laboratory.

,

Sound-Field Instrumentation

The sound instrumentation consisted of a standerd microphone and
sound-level meter from which sound-pressure level could be deterdned.
The microphone signal was also impressed on the wave analyzer to obtain
the sound kinetic energy spectrum through equation (B12). The relation
between sound-pressure level SPL and sound-velocity fluctuations

T

—
Ug has been given b reference 31 (for simple harmonic waves) as

( J-)SPL = 20 log p 28 + 74
a

(B13)
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r

PHOTOMULTIPLIER INBTRUMEZ?TATION

Relation Between Flsme Light Intensity and Flame Speed

Assumptions. - The conditions assumed in relating flame light in-
tensity as,indicated by the voltage output of a photomultiplier tube to

*

the surface area of a flame are treated in reference 32. They may be :
sumsxized as follows:

(1) It is postulated that, if a point source of light is increased
to a finite size.but the distsnce from the light source to the detector
is constant and large in comparison with the msximum dimension of the
flsme, the light flux impinging on the detector will obey the inverse
square law. Under this condition, a change in the surface area of the
flame will produce an approximately linear change in the flux intensity

.

registered by the detector.

(2) The flame must consist of a homogeneous cloud of nonabsorbing -
emitters.

If the propagation of a free-flame globule moving in a gas stream at
stream velocity is observed by a detector through a long slit placed
sxially with respect to globule travel, SOER additional requirements are:

(3) The detector has an essentially flat light response over the
entire field of view.

(4) The slit is narrow enowh in relation to flsme-globule diameter —
to approximate a diiimeterof the–pro$ected

(5) The
displacement

(6) The

(7) The
globules.

flsme-globule cater must not
from the tunnel centerline.

flsme globule must not have a

spheroid. –
—

suffer any appreciable radial

preferential growth direction.

flsme temperature must be constant for all the flsme —.

Conditions (1) and (4) were met by suitable placement snd dimension-
ing of the apparatus. For condition (3), it was determined that the
photomultiplier unit had a maximum light response error of 5 percent over
the total light acceptance angle. Photographic evidence obtained in the
preliminary phase of the investigation Indicated satisfactoryfulfillment “
of requirements (5) and (6). Assumption (7) has been previously treated
in the section of the DISCUSSION entitled Measurements of Present
Investigation.

.
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Description of apparatus. - A 931A type photomultiplier having a
● s&justable-plate voltage power supply was mounted in a light-tight box

behind a O.25-inch-dismetera~rture. This detector unit was positioned
in an enclosed tunnel 4 feet from the free-jet stub tunnel, as shown in
figure 5. The detector aperture was centrally located with respect to
the slit in the machined aluminum plate, which replaced an upp~ portion
of one wall of the stub tunnel. The voltage output of the photomultiplier
was amplified end fed to an oscilloscope. Oscillograms were taken by
high-speed, continuous motion picture technique.

E
2 Oscil.lograms. - As shown in figure 20, the oscillograph trace of the

ignition snd growth of a single flsme consists of two portions, a spark
light smplitude decay curve and a flsme light smpl.itudegrowth curve
whose slope at eny point is equal to the change of diameter of the flsme
globule with time, governed by the considerations listed previously.
This slope 2dr/dt is proportional to turbulent flsme speed ST as

. given by equation (2).

q Relation Between Spark Light Intensity and Spark Current

Stsndring and Looms (ref. 33), using short-duration sparks produced
by a lightly dsmped oscillatory current, have shown that the light emitted
by a given spark gap depends on the current in the gap and its time
variation.

In order to detemdne the effect of a long-duration, direct-current
pulsed spark on the current - spark light relation, an auxiliary investi-
gation was undertaken in collaborationwith Clyde C. Swett, Jr. The
spark production and recording qppsratus is fully described in reference
34. The photomultiplier detector apparatus was as described previously
except that the detector unit was mounted at one end of a rectangular
tube 2 feet in length. The field of view &’ the photomultipli~ tube
was llmited by a 0.0625- by 2-inch aperture in the other end of the
tube. A Polsroid Land camera was used to make oscillograms.

A series of oscil.logramswas taken of spsrks ignited in still sir
and in m air stresm having a velocity of 50 feet per second. Spark
duration was about 600 microseconds, spark energy was of the order of
17 millijoules, snd peek Sp=k current approximated 0.23 smperes. A
comparison of spsrk light smplitude-time curves with the current-time
curves obtained in the apparatus designed by Swett showed a marked simi-
larity of shape between the sets. It was concluded from this information
that, at least for a fh st-order approximation, spark light intensftY was

* roughly proportional to spark current.

.
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APPENDIX D

CALCUUTION OF FLAME SPEED FROM SCURLOCK-GROVER ANALYSIS

The basic equation in the Scurlock-Grover theory (ref. 11) is ob-
tained by assuming
kling of the flsme

where q/S ,s

base dismeter and

particle

(1)

(2)

(3)

The

where ~

Nerian

that the
frent in

ST
—=
‘%

increase of flame speed is due to the wrin-
the form of right circular cones, so that

P
m
u)
to

(Dl)

assumed proportional to the ratio of cone height to

c1 is a constant taken equal to 4. The mean square

displacement is assumed to depend on three effects:

Turbulent mixing, which increases the flsme-front area

Laminsr flsme propagation, which decreases the flame-front,srea

Flsme-generated turbulence, which increases the turbulent mixing

7 is givenbYfirst effect on X

J
t

G
r=

27 fi%?~dt (D2)

o

is the Lagrangian correlation coefficient and & is the

correlation coefficient. The second effect is givenby

g=c,s.{[l+cq’-’’.l} (D3)

where C2 is a constant teken equsl to 1/4. The combination of the

first two effects is then

(D4)
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Since the Lagrsngian correlation coefficient csnnot be
Scurlock and Grover assumed it to be of the form given

35

measured directly}
in reference 15:

(D5)

where i? is the Lagrsngian scale of turbulence end was assumed to be
equal to 1/2 Lg. In the present analysis, Z was assumed to be equal to

cf, through the independent vsziable transformation Z = ~t. Isotropy
was assumed, so that g was obtsined from f through the relation (ref.
28)

g = ~+gti
2Z

(D6)

The correlation coefficient gt was then obtained from the independent

vsriable transformation ~ = SLt. The turbulence scsle Lg was cslcu-

lated by matching the curve ~(E/Lg) to the g Plot Pre~ouslY c~cu-

lated from f by equation (D6).

All integrations and differentiationswere done graphically, snd the
calculation procedure followed the following order:

(1) Calculate g from equation (D6).

(2) Trsllsform f(g) to a(g/@).

(3) Trmform g(~) to gt(@L).

(4) Calculate

T
d%
w=

27
f~ ~~dt

(5) Calculate

T
%= [r

o
1

l/2

dt

(6) Cslculate

{

#=% [1+4(’@j”2J
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(7) Calculate

7iir

(8) Cakail.ate

(9) Calculate

+=—=
AL

[

1+4

As mentioned in the DISCUSSION section, flame-generated turbulence
has been assumed negligible, and the final form of the Scurlock-Grover
theoretical equation was as given above.

.,

.
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TABLE 1. - SUMMARY OF LONG~-23T~- TURBUZWCE SCALES

[Estimated from longitudinal energy spectra in enclosed-
tunnel installation. Mean stresm velocity, 50 ft/see;
static pressure, 26 in. Hg absj static temperature, 5400
R. ~omparative values calculated through the isotropic
turbulence relation Lf = 2Lg from lateral scale of tur-

bulence data reported in ref. 15.~

‘no t==+i-i
Distance downstream Longitudinal scale of turbulence,
of grid, X,

6.3 0.16 ----
9.3 .21 ---- .
12.3 .25 0.17
15.3 .25 ● 21 -- .

.

.
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TABLE II. - C@lPARISONOF ~C13Y FLUCTUATIONSIN TURBULENT SW

WTTH AND WITHOUT lNIWNSESOUND FIELO

iVelOC~tYfluctuationsmeasured along duct sxifi. Measured velue @
sound-pressurelevel, 136 db; stream velocity,68.5 ft/sec.]

I Gri6 Dis~ance down- Stream velocityfluctuations,I Calculatedvs.hwm OT lleaaureavalues or
size, stream of l’~/sec sound field sound field
in. turbulence- With SOUlii Without sound

J)j.~. ~~s~. ~r~~cing field, field, ~. jlq, s:e @, ;~:~e

grid, x,

r
$

r
-2 ft/sec level,

In.
rt/sec level,

% db db

0.125 0.625 3 1.81 1.40 1.15 137.5 0.96 136
4 1.75 1.32 1.15 137.5 .96 136

0.063 0.313 3 1.32 0.926 0.94 135.5 0.96 136
4 1.41 .892 1.10 137.0 .96 136

0.0313 0.156 3 1.12 0.688 0.89 135.0 0.96 136
4 1.22 .619 1.05 136.5 .96 136
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Figure 25. - Concluded. Turbulent flame speed as function of fuel-air
ratio with cumulativeprobability of occurrenceas parameter. Mean
stream velocity, 70 feet per second; stresm static pressure, 1 at-
mosphere; static temperature, 85° F.
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